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Madison, WisconsinABSTRACT Charged amino acids such as Arginine play important roles in many membrane-mediated biological processes
such as voltage gating of ion channels and membrane translocation of cell penetration peptides. It is well established that local
membrane deformation and formation of water defects are crucial to the stabilization of charged species in contact with the
membrane, which suggests that mechanical properties of the membrane are relevant although a clear connection has not
been established. As a quantitative measure, we study how changes in the composition and therefore mechanical properties
of a lipid bilayer influence the pKa of Arg in the membrane center using free energy simulations. Compared to previous studies
in a single-component lipid bilayer containing saturated lipids or lipids with a modest degree of unsaturation, substantially larger
pKa shifts are observed in the presence of highly unsaturated lipid tails and cholesterol. Moreover, the underlying molecular
mechanisms for the pKa perturbation are distinct in different systems, with the unsaturated lipid tails mainly destabilizing the
charged state of Arg and the cholesterol stabilizing the neutral state of Arg. The observed behaviors in both cases are at
odds with predictions based on mechanical considerations at a mesoscopic level—highlighting that, while mechanical consid-
erations are useful for stimulating hypothesis, their applicability to dissecting phenomena at the molecular-length scale is rather
limited.INTRODUCTIONAlthough continuummechanics and continuum electrostatic
models have played important roles in understanding many
biological processes that involve large-scale deformation of
lipid membranes (1–5), studies that are more recent have
highlighted the importance of local adjustments in lipid
membrane and lipid/protein interface. One of the much-
discussed subjects in this regard in recent literature concerns
the mechanism and energetics of moving a charged group
through a lipid membrane. A pioneering continuum
electrostatics model (6) that treated the lipid membrane
as a low-dielectric slab found an immense energy barrier
of ~40 kcal/mol. However, Hessa et al. (7,8) recently
proposed a new biological hydrophobicity scale based on
a translocon assay, in which the transfer free energy of
charged residues into the lipid membrane is much smaller
than the prediction of the dielectric model, although uncer-
tainties remain regarding the proper interpretation of the
results due to the complex nature of the translocon assay
(9–11). Atomistic simulations using the voltage-sensing
domain of a potassium channel (12) have highlighted that
the membrane can locally deform and create water defects,
stabilizing charged residues that are in close contact with the
hydrophobic region of the lipid. Understanding of this local
deformation has been further refined recently via combined
molecular dynamics (MD) simulations, solid-state NMR,
and neutron diffraction experiments (13). An interestingSubmitted May 19, 2010, and accepted for publication June 21, 2010.
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0006-3495/10/09/1529/10 $2.00continuum model (14), featuring a continuum membrane
that can locally deform, was shown to be able to reproduce
the free energy profile for the translocation of a charged
amino acid through lipid membrane (15).
These recent discussions suggest that a change in the
mechanical properties of the lipid membrane can potentially
have a major impact on the energetics of processes that
implicate charged amino acids in a membrane environment.
However, because the deformation associated with the water
defects occurs on a molecular scale (as opposed to large-
scale membrane deformation implicated in, for example,
mechanosensation (2) or membrane remodeling (16)), the
magnitude of the mechanical effect is not clear. To shed
light into this subject, which has potentially broad relevance
to biomembrane-mediated processes, we have chosen to
investigate a specific problem—i.e., whether changes in
the composition, and therefore mechanical properties of
a lipid bilayer, can significantly shift the microscopic pKa
of a charged residue, such as arginine (Arg).
Because Arg residues play an important role in the
voltage-sensing domain of potassium channels (17), cell
penetration peptides (18–20) (and in an innovative approach
for probing structural changes in membrane proteins (21),
the pKa of Arg in different regions of a lipid membrane)
have been studied by several recent MD simulations
(22–26). These employed different computational protocols
(e.g., alchemy thermodynamic integration (26) versus
potential of mean force simulations (22–25)) and different
force fields. It is encouraging that results of these studies
are in semiquantitative agreement, showing that althoughdoi: 10.1016/j.bpj.2010.06.048
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1530 Yoo and Cuithe pKa of an Arg is substantially lowered in the membrane,
the magnitude of the shift is fairly modest such that even
in the middle of the bilayer, the pKa is (slightly) above
7.0. In other words, local membrane deformation (i.e.,
formation of water defects) provides sufficient stabilization
that an Arg likely remains protonated even in the middle of
the bilayer.
All these previous simulations, however, studied an Arg
(or its analog) in a single-component zwitterionic lipid
bilayer with either fully saturated lipid tails (DPPC
(22,23,26)) or a modest degree of unsaturation (DOPC
(24,25)). Realistic cellular membranes, however, are much
more complex in composition (27,28) and therefore differ
in mechanical properties (i.e., the energy cost for deforma-
tion). For example, a common component in many cellular
membranes is cholesterol, which is known to increase the
bending moduli of lipid bilayers (29); mixing lipids with
saturated and unsaturated tails also modulates the structural
(30) and mechanical properties (31) of membranes. There-
fore, studying the dependence of Arg’s pKa on the mem-
brane composition provides a well-defined and realistic
example of how membrane heterogeneity modulates the
energetics of membrane-mediated processes that involve
charged species. Moreover, the results can be used to quan-
titatively test or improve sophisticated continuum models
(14,32) or coarse-grained particle models of membranes
(33,34), thereby facilitating the development of computa-
tional models that can potentially bridge a broad range of
length scales involving biomembranes (2,4,35).
In the following, we present our Methods, concentrating
primarily on the systems setup for monitoring the conver-
gence of thermodynamic integration simulations. We then
present Results and Discussions. Finally, we offer our
Conclusions. The main finding of the work is that the pKa
of Arg in the membrane can be substantially lowered by
highly unsaturated lipid tails and cholesterol—a prediction
that we hope will stimulate experimental investigations.
Interestingly, the underlying molecular mechanisms for
the pKa perturbation are distinct in different systems, with
the unsaturated lipid tails mainly destabilizing the charged
state of Arg, while cholesterol stabilizes the neutral state
of Arg. The observed behaviors in both cases are also at
odds with predictions based on mechanical considerations
at a mesoscopic level, which highlights that while mechan-
ical considerations are useful for stimulating hypothesis,
their applicability to dissecting phenomena at the molecular
length-scale is rather limited.C3 C17HO
O
H
N
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NHO H
N NH2
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FIGURE 1 Chemical structures of lipids and the Arginine analog consid-
ered in this work. (A) 1,2-di-palmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC). (B) 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphatidylcho-
line (SDPC) and 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphatidyl-
ethanolamine (SDPE). (C) Cholesterol. (D) Arginine analog.METHODS
System setup and molecular dynamics protocols
To study effects of lipid types and cholesterol on the protonation state of
an Arg analog in the center of membrane, pKa shift of the Arg analog is
calculated in five bilayer systems: pure 1,2-di-palmitoyl-sn-glycero-3-phos-
phatidylcholine (DPPC) and 1-stearoyl-2-docosahexaenoyl-sn-glycero-Biophysical Journal 99(5) 1529–15383-phosphatidylcholine (SDPC), and SDPC/1-stearoyl-2-docosahexaenoyl-
sn-glycero-3-phosphatidylethanolamine (SDPE) mixtures with 0, 20, and
40% cholesterol (see Fig. 1 for structures).
The CHARMM force field (36,37) is used to describe all components of
the system, including the Arg analog (22) and docosahexaenoic acid (DHA)
(38). All the simulations are carried out using the modified GROMACS
3.3.3 package (39). An Arg analog is restrained to the center-of-membrane
using a harmonic force constant of 1000 kJ/mol/nm2 with the PULLmodule
of GROMACS. The DPPC and SDPC systems are simulated in the NPAT
ensemble (40) under two conditions of constant area-per-lipid and temper-
ature: 64 A˚2, 323 K, and 70 A˚2 (41), 311 K, respectively. The mixed
SDPC/SDPE lipid bilayer systems with 0, 20, and 40% cholesterol are
simulated under a constant surface-tension, ~25 dyne/cm, and temperature,
311 K (NPgT); the area-per-lipid for the cholesterol-free system is 69.25
0.2 A˚2, which is close to available experimental value for a pure SDPC
bilayer (41). In addition, SDPC and SDPC/SDPE systems are simulated
with a higher surface-tension, ~38 dyne/cm, which is a value commonly
used with the CHARMM lipid force field (37,42) and which corresponds
to a higher area-per-lipid, ~77 A˚2. See the Supporting Material for details.Thermodynamic integration calculations
and convergence tests
We use thermodynamic integration to compute the pKa shift of an Arg in the
membrane center relative to bulk solution, where the charged guanidinium
group is gradually switched to a neutral one using a coupling parameter l;
i.e., the guanidinium group is fully charged at l ¼ 0 and neutral at l ¼ 1.
The charging free energy is calculated by integrating the corresponding free
energy derivative with respective to l,
DGchg ¼ 
Z1
0
vG
vl
¼ 
Z1
0

vUðlÞ
vl

l
dl ¼ 
Z1
0
hDUildl;
(1)
where h.il indicates an ensemble average at a given l – window andDU¼
U0 – Uþ is the instantaneous energy gap between the charged and neutral
forms of Arg in a given environment. For the system size used in this study,
Arginine in Complex Membranes 1531corrections for finite-size and Ewald summation for systems with a net
charge were found to be small (26,43). The pKa shift relative to the bulk
clearly is related to the difference in the charging free energy in the
membrane center and in bulk solution,
DpKaz logðeÞ
kBT
DDGchg; (2)
where we use the double-approximate sign (z) to highlight the key
assumption that the pKa shift is dictated by the difference in charging
free energy in different environments, which is likely valid (44,45). In
Results and Discussions, the pKa results are presented in terms of absolute
pKa values, which are obtained by adding the calculated pKa shifts to the
experimental pKa of Arg in solution (12.5) (46).
As highlighted in many recent microscopic pKa calculations
(26,45,47,48), it is important to carefully monitor the convergence of ther-
modynamic integration calculations. This is particularly important for the
current problem because the titration process potentially implicate several
slow processes such as cholesterol flip-flop, water penetration into the
membrane, and lateral diffusion of lipids. Accordingly, most simulation
windows are in the range of 100–200 ns (see the Supporting Material and
Table 1 for details).RESULTS AND DISCUSSIONS
In the following, we systematically explore the effects of
several factors on the computed pKa of an Arg in the center
of the membrane bilayer. Due to the complexity of the
problem, sampling remains a challenging issue (especially
in the presence of cholesterol), despite the fact that most
windows have been sampled with >100 ns of molecular
dynamics (MD) simulations. Therefore, considerable uncer-
tainty remains regarding the computed pKa values. Never-
theless, by comparing different systems and investigating
trends in the free energy derivatives, meaningful conclu-
sions can be drawn regarding factors that contribute most
significantly to the pKa of Arg in the membrane.TABLE 1 Results of thermodynamic integration for the calculation
DvG/vl (kcal/mol)/sam
Lipid Chol. y Temp.z Ax l ¼ 0.0
DPPCk 0 323 64 9.5 (0.7)/18
DPPC 0 323 64 7.8 (0.8)/65
SDPC 0 311 70 12.1 (1.7)/118
SDPC/E 0 311 70 12.4 (1.2)/114
SDPC/E 20 311 — 11.6 (1.6)/188
SDPC/E 40 311 — 11.9 (0.9)/95
SDPC 0 311 77 10.2 (1.5)/92
SDPC/E 0 311 77 9.8 (3.1)/143
SDPC/E 20 311 — 15.2 (1.4)/135
SDPC/E 40 311 — 14.2 (1.8)/126
*Differences in the free-energy derivatives (Eq. 1) in the membrane center relativ
in parentheses are statistical errors determined by block-averaging (57).
yCholesterol concentration (%).
zTemperature (K).
xArea-per-lipid (A˚2).
{DDGchg is computed by integrating DvG/vl over l; pKa is computed based on
kThermodynamic integration results from our previous work (26), with a differ
**See Effects of Cholesterol.Effects of force-field parameters for Arg
First, we briefly comment on the effect of using a slightly
different set of force-field parameters for the neutral state
of the Arg analog in this study. In our recent study (26),
we have adopted partial charges from the OPLS (49) force
field for the neutral state; this was motivated by the observa-
tion that partial charges for the charged guanidinium group
in CHARMM and OPLS force fields are identical. In this
work, we have used the set of parameters newly developed
by Li et al. (22) for the neutral Arg side chain; this set was
developed in the framework of the CHARMM 22 force field
(36) and therefore was expected to be more compatible with
the lipid force fields used here. As shown in Table 1, the
effect of using different force fields for the neutral state of
Arg has a relatively minor effect on the computed pKa.
The free energy derivatives become slightly lower by
1–2 kcal/mol at all l-values and the computed pKa at the
membrane center is 8.6, as compared to the value of 7.7
in our recent work (26) and the value of ~8.0 in the work
of Li et al. (22). This result again supports that Arg remains
protonated even in the membrane center, due to stabilization
from lipid headgroups and water molecules in a locally
deformed DPPC bilayer.Effects of tail unsaturation: DPPC versus SDPC
As shown by their chemical structures in Fig. 1, SDPC and
DPPC have identical headgroups but different tails; while
DPPC has fully saturated tails (C16:0), SDPC tails are
longer and have a high degree of unsaturation (C22:6 for
DHA; C18:0 for stearoyl acid). Accordingly, an SDPC
bilayer and a DPPC bilayer have two major differences.
On the one hand, a SDPC bilayer is slightly thicker by
~2–3 A˚ (e.g., see Fig. S4 in the Supporting Material), whichof pKa of an Arg analog in the membrane center
pling time (ns)*
0.5 1.0 DDGchg{ pKa{
13.9 (1.0)/29 14.3 (1.3)/42 6.9 (1.0) 7.7 (0.7)
12.5 (1.7)/111 10.4 (3.2)/108 5.6 (1.4) 8.6 (0.9)
20.0 (1.6)/138 11.8 (2.0)/154 10.1 (1.2) 5.3 (0.9)
22.4 (2.5)/145 9.2 (3.4)/282 12.0 (1.8) 3.9 (1.2)
17.3 (1.3)/128 2.6 (2.8)/140 12.2 (1.2) 3.8 (0.9)
23.3 (2.4)/148 5.4 (2.1)/110 16.0 (1.4) 1.2 (1.0)
20.8 (1.6)/113 10.4 (2.7)/137 10.4 (1.3) 5.1 (0.9)
18.4 (1.4)/171 11.1 (2.0)/213 8.9 (1.4) 6.1 (1.0)
19.3 (1.5)/133 8.5** (3.4)/186 11.3 (1.4) 4.5 (1.0)
20.5 (1.4)/111 0.9 (5.0)/183 13.6 (1.8) 2.9 (1.3)
e to bulk solvent, DvG/vl¼ vG/vlcenter – vG/vlsolvent, are shown. Numbers
Eq. 2 and the solution reference value of 12.5 (46).
ent set of force-field (OPLS) parameters for the neutral state of Arg.
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1532 Yoo and Cuimakes the membrane center less accessible to solvent. On
the other hand, a SDPC bilayer is likely more deformable
than a DPPC bilayer; for example, polyunsaturation of lipid
tails is known to decrease the bending modulus of a
membrane by more than a factor of two (31). Therefore, de-
pending on which factor dominates, one may expect either a
larger or a smaller energetic penalty associated with the
formation of water defects for stabilizing a net charge in
the membrane, which would lead to a higher or lower pKa
for an Arg in an SDPC bilayer than in a DPPC bilayer.
As shown in Table 1, regardless of the surface-tension (and
therefore area-per-lipid), the calculated pKa of Arg in the
membrane center in an SDPC bilayer is substantially reduced
compared to that in a DPPC bilayer; the shift is>3 pKa units
and suggests that Arg is much more likely deprotonated in a
SDPC bilayer. The free energy derivatives in Table 1 from
different SDPC/Arg simulations further suggest that the
major contributions to the larger pKa shift come from
l-windows with the charged Arg (l ¼ 0, 0.5). In Fig. 2, we
compare the cumulative number of phosphate oxygen and
water oxygen near Cz in Arg from charged(l ¼ 0)/neutral
(l ¼ 1) state simulations with DPPC and SDPC bilayers. In
the charged (l ¼ 0) window, the Argþ is stabilized by water
oxygen and phosphate oxygen in the water defect in both
DPPC and SDPC bilayers. However, the size and composi-
tion of the water defect are different in the two bilayers.
The water defect in a DPPC bilayer has more water but less10
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FIGURE 2 Cumulative radial distribution functions for (A) lipid oxygen,
(B) water oxygen, and (C) total oxygen with respect to the guanidinium Cz
in three systems without cholesterol. Note that more water molecules are in
contact with Argþ in DPPC, while a smaller number of lipid headgroups are
in contact with Argþ in the bilayer with saturated hydrocarbon tails (DPPC)
than in bilayers with polyunsaturated tails (SDPC and SDPC/E). In all
figures in the main text, for the SDPC-containing systems, the results shown
are from low surface-tension simulations; the corresponding data at high
surface-tension are included in the Supporting Material.
Biophysical Journal 99(5) 1529–1538phosphate groups compared to the SDPC case (Fig. 2, A
and B); in total, the water defect in a DPPC bilayer has
~3–5 more oxygen atoms within 8 A˚ compared to that in
a SDPC bilayer, regardless of surface-tension (Fig. 2 C and
Fig. S3 c). As expected, the number of polar species in the
water defect is highly correlated to vG/vl; as shown in
Fig. 3, A and B, the larger the water defect, the smaller
drop in vG/vl compared to the bulk solution value.
The key question is then what causes the smaller size of
the water defect in a SDPC bilayer compared to a DPPC
bilayer, which seems contradictory to the higher degree of
deformability of a SDPC bilayer due to the unsaturated lipid
tails. Although an SDPC bilayer is slightly thicker than
a DPPC bilayer, this is not an important factor because the
water defect is even smaller in a SDPC bilayer at high
surface-tension (not shown). Important clues come from
the cylindrically averaged number density plot of lipid phos-
phorus, tail carbon, and water oxygen at ~Cz (Fig. 4), which
indicates that not only lipid headgroup density but also
tailgroup density is higher near Argþ in a SDPC bilayer
than in a DPPC bilayer. Examination of snapshots from
the simulations (e.g., Fig. 4 D) suggests that it is mainly
the DHA of SDPC that wraps around Argþ. Although calcu-
lation of binding affinity of lipids to an Arg analog
embedded in the membrane as a function of the degree of
tail-unsaturation is beyond the scope of this study, one can
reasonably expect that poly-unsaturation increases the
binding affinity of lipids because it enhances the space-
filling ability of lipids. More importantly, the higher bindingA 
B 
C 
FIGURE 3 (A–C) Energy gap (in color, DU ¼ U0 – Uþ in Eq. 1) and the
number of oxygen (in black) in the vicinity (%8 A˚) of Arg Cz at three
charge-states as a function of time in the SDPC system under low
surface-tension. Note that the energy gap is positively correlated to the
number of oxygen at charged states (l ¼ 0.0, 0.5), while it is negatively
correlated at the neutral state (l ¼ 1.0).
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FIGURE 4 (Color online) Number density maps (in the unit of nm3) of
phosphorus/hydrocarbon (left) and water oxygen (right) in three choles-
terol-free bilayers (A) DPPC, (B) SDPC, and (C) SDPC/E with a fully
charged Arg at the origin. Note that both head- and tailgroups of unsatu-
rated lipids have higher affinity to Argþ than those of DPPC. Consequently,
there are smaller numbers of water molecules in the water defect in SDPC
and SDPC/E bilayers than in a DPPC bilayer, which is consistent with the
radial distribution plots in Fig. 2. (D) Typical configuration of SDPC with
its DHA wrapping around Argþ. (Green) Lipids in contact with Argþ
(hydrogen not included for clarity). (Orange spheres) Phosphorus in the
headgroup.
Arginine in Complex Membranes 1533affinity of poly-unsaturated lipid tails to the Arg analog
increases the density of headgroups near the Arg analog,
and replacement of water with headgroups decreases the
total oxygen number near the Arg analog, as shown in the
radial distribution functions in Fig. 2. As a result, vG/vl
values at l ¼ 0 or 0.5 are smaller in an SDPC bilayer than
in a DPPC bilayer, which leads to drops in Arg pKa by as
much as ~3–4 units.
Overall, these results support the argument that the larger
pKa shift for an Arg in an SDPC bilayer than in a DPPC
bilayer is due mainly to the mechanical flexibility of the
poly-unsaturated tails in SDPC. However, the way that
mechanical flexibility works on a molecular level is com-
pletely different from the expectation based on a mesoscopic
consideration. The flexible DHA tails enhance lipid packing
around Argþ and this effect has little to do with mesoscopic
mechanical properties such as bending modulus, which
would lead to the incorrect prediction that Argþ is betterstabilized in a more deformable SDPC bilayer. For example,
Choe et al. (14) predicted pKa ~7 in the center of membrane
with mechanical parameters from a typical saturated bilayer
using their novel model that combines continuummechanics
and continuum electrostatics; the membrane deformation
energy with a charged Arg in the center was estimated to
be ~5 kcal/mol. Because mechanical components and
nonmechanical components are decoupled in their model,
one can reasonably assume that changes in mechanical
parameters (e.g., bendingmoduli) affect only the mechanical
deformation energy. In addition, one expects that the
mechanical deformation energy is largely negligible with
a neutral Arg in the membrane center, given that the degree
of membrane deformation is small. Therefore, the transfer
free-energy of Argþ can decrease, at most, 5 kcal/mol, while
that of a neutral Arg is almost constant, with a greater number
of flexible membranes. This change corresponds to an
increase in pKa by <4 units, which is of the opposite sign
to the current result from microscopic simulations.Effects of headgroup type: SDPC versus SDPC/E
As shown in Fig. 1, the difference between SDPC and SDPE
is relatively minor, with SDPE having a smaller headgroup
(-NH3
þ rather than -NMe3
þ). Therefore, mixing SDPE with
SDPC is not expected to lead to any large change in the
membrane mechanical properties or thickness (and there-
fore, in the pKa of an Arg in the membrane center). This
is indeed observed in the free energy simulations. As shown
in Table 1, the computed pKa values for an Arg in SDPC and
SDPC/E bilayers differ by ~1 pKa unit, which is not signif-
icant considering the statistical errors associated with the
current simulations. For example, the difference in pKa at
low surface-tension results from the free energy derivatives
at neutral (l ¼ 1) states; although vG/vl in SDPC and
SDPC/E shows similar trends before 100 ns, only that in
SDPC/E has a period when low vU/vl appears frequently
for ~70 ns (compare panels b and c of Fig. S1). This occurs
because one or two water molecules penetrate into the
membrane and remain near Arg0 for a long time (>5 ns),
whereas most water molecules have a resident time of
<200 ps. Those localized water molecules stabilize a neutral
Arg more than they do a charged Arg, which leads to a lower
pKa, as will be discussed further in the next section.Effects of cholesterol
With cholesterol molecules in the membrane, it is well
established that the lipid tails tend to be more ordered, that
the bending modulus of the membrane becomes enhanced,
and that the membrane thickens (50,51). Therefore, it is
expected that adding cholesterol can further increase the
pKa shift of Arg in the membrane center, due presumably
to additional energy penalty for the localmembrane deforma-
tion and water defect formation in the charged state of Arg.Biophysical Journal 99(5) 1529–1538
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1534 Yoo and CuiThe current free energy simulations, with up to 40%
cholesterol in a SDPC/E bilayer, have shown that the pKa
of Arg in the membrane center indeed tends to further
decrease compared to cholesterol-free cases—although the
magnitude is somewhat modest, especially considering the
statistical uncertainty that remains in our 100–200 ns per
l-state simulations. Nevertheless, a striking observation is
that the free energy derivatives for the charged windows
(l ¼ 0, 0.5) do not tend to change significantly in the pres-
ence of cholesterol, while the free energy derivatives for the
neutral state (l ¼ 1.0) consistently (except for 20% choles-
terol with a high surface-tension, see Conclusions below)
show dramatic decreases (>10 kcal/mol) relative to choles-
terol-free cases. This strongly suggests that the effect of
cholesterol on Arg pKa is not mechanical in nature and
warrants further analysis.
First, we examine the time-dependence of the free energy
derivative contribution, which is the energy gap between the
neutral and charged state of Arg in the presence of interac-
tions with the environment (i.e., DU ¼ U0 – Uþ in Eq.1). As
shown in Fig. S1, c–e, the energy gap is rather well behaved
for l ¼ 0, 0.5 for both cholesterol-free and cholesterol-rich
membrane simulations. By contrast, the energy gap for the
neutral-Arg (l¼ 1) exhibits considerably larger fluctuations
and occasional jumps, especially with cholesterol present;
along this line, requiring the energy gap data to satisfy all
four statistical tests (see the Supporting Material) is crucial
for ensuring that simulations are sufficiently long to average
over a significant number of jumps. Further analysis of the
simulation results suggests that these large variations in
the energy gap are correlated with changes in the number
of polar groups (e.g., oxygen in water and hydroxyl in
cholesterol) in contact with the neutral Arg. With a neutral
Arg in the membrane, the degree of local membrane defor-
mation is substantially smaller than with a charged Arg; as
a result, the number of polar groups in contact with the Arg
changes much more rarely for l ¼ 1 compared to the
number of polar groups for the charged states (l ¼ 0, 0.5),
which is why the l ¼ 1 window takes substantially longer
to converge than other windows. In the presence of choles-
terol, the number of water molecules in contact with the
neutral Arg tends to be larger (see below), which leads to
more dramatic variations in the energy gap.
The importance of polar groups, such as water, in contact
with the neutral Arg on the free energy derivative can be
further illustrated by the distribution of the energy gap. As
shown in Fig. 5, the energy gap distribution is approxi-
mately Gaussian (45,52) for the l ¼ 0 window regardless
of cholesterol concentration; moreover, the center of the
distribution is nearly independent of the cholesterol concen-
tration. These observations suggest that the charged state of
Arg is well stabilized by the local deformation of the
membrane, with or without cholesterol, and that the envi-
ronment of the charged Arg equilibrates rather quickly on
the simulation timescale. By contrast, for the neutral stateBiophysical Journal 99(5) 1529–1538(l ¼ 1), the energy gap distributions are highly non-
Gaussian, especially for high cholesterol concentrations,
which indicate the presence of multiple environments of
the neutral Arg. A simple decomposition of the distributions
confirms that, as the cholesterol concentration increases, the
number of environmental states (which correspond to
different numbers of polar groups in contact with the neutral
Arg) also increases.
To help provide further insights into the structural charac-
terization of the neutral Arg’s environment, we examine
both cumulative radial distribution functions (Fig. 6) and
number density plots (Fig. 7) for key groups around the gua-
nidium of Arg. As shown in Fig. 6 A, the distribution of
phosphate groups near the guanidium (<10 A˚) is largely
independent from cholesterol, regardless of the charge state
of Arg. The numbers of water molecules differ a bit in
different simulations (Fig. 6 B), although the total number
of oxygen atoms (including water, cholesterol hydroxyl,
and lipid phosphate and ester groups) is remarkably insensi-
tive to the cholesterol concentration when Arg is charged.
This once again argues that the local membrane deformation
in the presence of a charged Arg is fairly insensitive to the
presence of cholesterol; this is because cholesterol mole-
cules can easily disperse locally to avoid the local deforma-
tion of the membrane (see Fig. S7). With a neutral Arg, by
contrast, the number of oxygen atoms is rather sensitive to
the presence of cholesterol (Fig. 6 D). With 40% choles-
terol, the current simulations find, consistently, a larger
number of water molecules in contact with the neutral Arg
than for other cases (Fig. 6 B, for a snapshot, see Fig. 7 B);
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Arginine in Complex Membranes 1535with 20% cholesterol, two >100-ns simulations with dif-
ferent surface-tensions find that different numbers of choles-
terols also get involved in stabilizing the neutral Arg (Fig. 6C,
for a snapshot, see Fig. 7 A). These trends are further elab-
orated with the number density plots in Fig. 7, which reveal
that both water and cholesterol hydroxyl oxygen can be
highly localized in the vicinity (<5 A˚) of a neutral Arg.
Number densities also indicate that neutral Arg can still
maintain minor water defects at 20% cholesterol, but that
such defects disappear completely at 40% cholesterol.
Moreover, a strong water band within 5 A˚ of the neutral
Arg at 40% cholesterol indicates that the complete removal
of water defects by high cholesterol concentration creates a
relatively stable local free-energy minimum for water near
the neutral guanidinium.
Regarding cholesterol/Arg interaction, we note that
although previous MD simulations find that cholesterol
molecules predominantly orient themselves to be parallel
to the membrane-normal (53), our current simulations find
that cholesterol molecules can reorient themselves to be
perpendicular to the membrane-normal to stabilize neutral
Arg, although the process can take>100 ns. A pair of exam-
ples is shown in Fig. S8 (for relevant images, see Fig. S9).
This behavior is rather consistent with the fact that choles-
terol flip-flop between different leaflets is known to occur
at a much faster rate than lipid molecules. For example,
recent atomistic and coarse-grained simulations by Bennett
et al. (54,55) found that cholesterol undergoes flip-flop on a
seconds-timescale in saturated bilayers with high choles-terol content, while the timescale decreases to submicrosec-
ond range in poly-unsaturated bilayers.
It is worth noting that the only significant outlier in all
computed free energy derivatives is the neutral (l ¼ 1) state
with 20% cholesterol and a high surface-tension (see
Table 1). Analysis of the energy gap data indicates that
the total number of oxygen near the neutral Arg is particu-
larly low compared to other simulations (Fig. S4, Fig. S5,
and Fig. S6) with either different cholesterol concentration
or surface-tension. The origin of this difference is not yet
clear. On the one hand, because the membrane is thinner
(by ~3 A˚ according to the number density plots; compare
Fig. 7 and Fig. S6) and the area-per-lipid is larger at the
higher surface-tension, the stability of local accumulation
of water or cholesterol in the membrane center near a neutral
Arg can be reduced. This is related to the observation that
permeability of water into bilayers is most intimately corre-
lated with the area-per-lipid (56). Indeed, the free energy
derivatives at l ¼ 1 tend to be consistently higher also at
0 and 40% cholesterol in the high surface-tension simula-
tions, although the difference from the low surface-tension
results is less dramatic. However, the difference could be
simply a sampling issue despite almost 200 ns of simula-
tions. Much-longer simulations are required for betterBiophysical Journal 99(5) 1529–1538
1536 Yoo and Cuiunderstanding of this issue, which we do not pursue here,
because most results follow a clear trend.
Overall, our analysis highlights that although cholesterol
is known to modulate the mechanical properties of lipid
membrane, it can also contribute to processes in the mem-
brane (e.g., titration of Arg) through chemical effects,
such as by direct hydrogen-bonding interactions or by
modulating the local water density to preferentially stabilize
a specific chemical state.CONCLUSIONS
Lipid membrane-mediated biological processes are fasci-
nating because the soft nature of biomembrane allows
deformations at many different length-scales that conform
to the specific biological function. Therefore, although
mechanical models are clearly most appropriate at meso/
macroscopic scales, it is tempting to invoke mechanics-
based considerations to discuss membrane-mediated
processes even when the relevant scale approaches a rela-
tively small number of molecules. In practice, precisely
when such mechanical considerations start to break down
(i.e., gives qualitatively incorrect predictions), it is not
always clear; thus, it is fruitful to select specific problems
and carefully compare predictions from microscopic and
mechanical models.
Regarding stability of a charged species in the membrane
center, because local membrane deformation has been
shown to be qualitatively (12) and quantitatively (14) impor-
tant to the discussion of the relevant energetics, it seems
logical that modification of the membrane mechanical prop-
erties can have an important impact. In particular, one may
predict that softening the membrane can better stabilize
a charged species in a hydrophobic environment, whereas
rigidifying the membrane has the opposite effect—which,
in the context of pKa shift of Arg in the membrane center,
corresponds to respectively lowering and increasing pKa
shifts relative to the bulk value.
Our microscopic simulations, however, lead to rather
different predictions. In SDPC (or SDPE) bilayers featuring
highly unsaturated lipid tails, which are known to have
substantially lower bending modulus than bilayers of satu-
rated lipids (although <10% difference in stretch moduli
(31)), much larger pKa shifts are observed than for a
DPPC bilayer. The higher flexibility of the poly-unsaturated
lipid tails allows them to better bind to the charged state
Arg, which leads to smaller water defects despite the higher
deformability of the SDPC(/E) bilayer; accordingly, the
charged state of Arg is less stabilized, resulting in larger
pKa shifts. In the case of cholesterol, which is known to
rigidify lipid membranes, predictions from microscopic
simulations and mechanical consideration are qualitatively
consistent, both pointing to larger pKa shifts. The under-
lying mechanism that emerges from the microscopic anal-
ysis, however, is rather different. Rather than destabilizingBiophysical Journal 99(5) 1529–1538the charged state, as the mechanical consideration would
predict, the cholesterol molecules influence the pKa of
Arg by better stabilizing its neutral state, via either direct
hydrogen bonding to or modulating of the local water
density around the neutral guanidinium group. Therefore,
both sets of examples clearly illustrate the limited applica-
bility of mechanical considerations for a process that
involves significant but local deformation of the lipid
membrane, further highlighting how the intricate dynamics
of membrane components contribute to the energetics of
membrane-mediated processes.
From the technical point of view, this work indicates that
notable statistical errors remain in the computed pKa values
despite samplings at 100–200-ns scale, which underlines the
urgent need of developing effective enhanced sampling
techniques suitable for membrane-mediated simulations,
especially for mixed lipid systems. Nevertheless, the consis-
tent trends observed in a fairly large set of independent
simulations in this work suggest that the significantly larger
pKa shifts in the presence of poly-unsaturated lipids tails
and cholesterol are realistic. Because the charged state of
Arg in complex membranes is important to many systems,
including those of the voltage-gated ion channels and cell
penetration peptides, we encourage further experimental
efforts to test our predictions.SUPPORTING MATERIAL
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